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tance,	 landscape	 resistance	 and	 predation	 risk	 and	 evaluated	 the	 consequences	 of	











maintaining	 quality	 habitat	 both	 within	 and	 across	 the	 ranges	 of	 threatened	
populations.
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Environmental and anthropogenic drivers of connectivity 
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1  | INTRODUCTION
The	 current	 global	 biodiversity	 crisis	 (Pimm,	 Russell,	 Gittleman,	 &	
Brooks,	1995)	 is	partially	 attributed	 to	habitat	 loss	 and	degradation	
(Turner	et	al.,	2007).	The	loss	of	biodiversity	is	not	limited	to	endan-
gered	 species,	 although	 they	 undoubtedly	 attract	more	 attention	 in	
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threatened	or	under	concern	 (Species	at	Risk	Act;	COSEWIC	2011).	






Whereas	 barren-	ground	 caribou	 are	 synonymous	 with	 long-	
distance	migrations	of	huge	 local	 populations	across	 the	arctic	 tun-
dra,	 seasonal	 migratory	 behaviour	 also	 occurs	 in	 small	 populations	
at	 smaller	 scales	 in	woodland	 caribou	 (Canadian	 Rockies,	McDevitt	







et	al.,	 2009),	 usually	 influenced	 by	 food	 availability	 and	 predation	
avoidance	 (Bischof	 et	al.,	 2010;	 Hebblewhite	 &	 Merrill,	 2007),	 in	
contrast	 to	 the	stereotypical	 latitudinal	migrations	of	barren-	ground	
caribou	 (Bergman,	 Schaefer,	 &	 Luttich,	 2000;	Musiani	 et	al.,	 2007).	
Such	 movements	 are	 increased	 in	 rates	 and	 ranges	 during	 autumn	
(Ferguson	&	Elkie,	2004)	by	both	sexes,	a	period	that	coincides	with	
breeding	season	as	females	focus	on	reproduction	and	encounter	with	










Woodland	 caribou	 populations	 across	 Alberta	 and	 British	
Columbia	(BC)	have	declined	drastically.	Current	assessments	indicate	
an	approximate	50%	 loss	of	 individuals	 every	eight	years	 in	Alberta	
(Hervieux	et	al.,	 2013)	 and	no	 long-	term	viability	of	 ten	 local	popu-
lations	 in	 BC	 (Wittmer,	 Ahrens,	 &	 McLellan,	 2010).	 These	 declines	
are	 attributed	 to	habitat	degradation	and	 fragmentation	 largely	due	
to	natural	resource	extraction	activities,	which	in	turn	increased	wolf	




primary	prey	 target	 for	wolves)	 as	 a	 result	of	 these	habitat	 changes	
(DeCesare,	 Hebblewhite,	 Robinson,	 &	 Musiani,	 2010;	 McLoughlin,	
Dzus,	Wynes,	 &	 Boutin,	 2003;	Wittmer	 et	al.,	 2010).	 There	 is	 con-
cern	 that	 detrimental	 levels	 of	 predation	 and	 fragmentation	 have	
deleterious	effects	on	population	trends	and	genetic	diversity,	partic-
ularly	of	small	and	isolated	local	populations,	further	contributing	to	
population	 declines.	Genetic	 diversity,	 as	 determined	 by	 gene	 flow,	
stochastic	genetic	drift	and/or	selection,	allows	natural	populations	to	
adapt	to	local	conditions	(Gandon	&	Nuismer,	2009;	North,	Pennanen,	







Adaptive	 genetic	 variation	 is	 crucial	 to	 species	 conservation	
(Holderegger,	 Kamm,	 &	 Gugerli,	 2006).	 Recovery	 plans	 need	 to	 be	
designed	 to	 reverse	 population	 declines	 and	 restore	 habitat	 in	 the	
short	term	and	protect	species	gene	pools	in	the	long	term,	whilst	ac-
counting	for	spatial	structure	(Hice,	Duffy,	Munch,	&	Conover,	2012;	






genetically	 distinguished	 from	 the	 sedentary	 boreal	 type	 (McDevitt	





Landscape	 genetic	 research	 has	 largely	 focused	 on	 evaluating	






correlations	 between	 genetic	 and	 geographic	 distances	when	 using	
simple	Mantel	 tests	 (Legendre	 &	 Fortin,	 2010).	 The	 use	 of	 individ-
uals	as	discrete	analytical	units	has	proven	to	be	more	beneficial	 to	
group	 approaches	 regardless	 of	 the	methodology	 applied	 (Luximon,	














&	 Musiani,	 2010;	 Hervieux	 et	al.,	 2013;	 Wittmer,	 Mclellan,	 et	al.,	
2005).	 Current	 approaches	 fail	 to	 protect	 habitat	within	 population	
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range	areas	and	overlook	the	importance	of	intermediary	habitat,	lead-





In	 this	 study,	we	 evaluated	 factors	 contributing	 to	 connectivity	








range.	 Second,	 we	 performed	 individual-	based	 analysis	 to	 examine	
how	multiple	 topographic	 and	 environmental	 variables	 (natural	 and	
anthropogenic)	 affect	 genetic	 distance.	Third,	we	 used	 both	Mantel	











2  | MATERIALS AND METHODS
2.1 | Study area and individual samples
The	70,000-	km2	study	area	lies	in	the	Central	Rockies	Ecosystem	and	
includes	montane,	subalpine	and	alpine	ecoregions	with	long	winters	
and	short,	dry	 summers.	The	 topography	 is	 comprised	of	flat	valley	
bottoms	 surrounded	 by	 the	 Rocky	 Mountains	 (400–3937	m).	 The	
protected	areas	of	Banff	and	Jasper	national	parks	are	located	in	the	
western	mountainous	region,	whereas	the	higher	human	impact	areas	




tions	 in	 west-	central	 Alberta	 and	 eastern	 British	 Columbia,	 Canada	
(Figure	1c),	were	genotyped	at	14	microsatellite	 loci	as	described	by	
Weckworth	 et	al.	 (2012,	 2013).	 Sampling	 included	 individuals	 from	
all	known	local	populations	in	the	area.	We	focused	on	adult	females	
as	 they	produce	 and	 raise	offspring	 alone,	 rendering	 them	 the	most	
important	 element	 to	 population	 dynamics	 of	 polygynous	 ungulates	
(Gaillard,	 Festa-	Bianchet,	 &	 Yoccoz,	 1998;	 Gaillard,	 Festa-	Bianchet,	
Yoccoz,	 Loison,	 &	 Toigo,	 2000).	 Similarly,	 caribou	 landscape	 genetic	
studies	have	largely	focused	on	females	(Boulet,	Couturier,	Cote,	Otto,	
&	 Bernatchez,	 2007;	 McLoughlin,	 Paetkau,	 Duda,	 &	 Boutin,	 2004),	
as	no	significant	differences	have	been	reported	between	sexes.	We	





















(for	 details	 see	 DeCesare	 et	al.,	 2012)	 on	 30-	m	 spatial	 resolution	





elling	of	 landscape	resistance	 layers	derived	from	these	two	 inputs	
of	caribou	RSF	and	predation	risk	was	described	by	DeCesare	et	al.	
(2012).	Finally,	anthropogenic	 footprints	 (forestry	cut	blocks,	 roads	
and	other	nonroad	 linear	 features)	were	also	considered	as	 factors	
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rates.	The	output	was	divided	 into	 two	matrices	 (M1	 and	M2),	 each	
representing	one	direction	of	contemporary	gene	flow	between	two	
local	populations.
A	 nonparametric	 multivariate	 analysis	 of	 variance	 was	 used	 to	
determine	 the	 association	 between	 local	 population	 effective	 (Ne)	
and	census	 (Nc)	sizes	as	predictor	factors,	with	pairwise	genetic	dis-
tance	 (FST,	 Supporting	 Information	Appendix	 S1)	 and	 two	 dispersal	
matrices	(M1	and	M2)	as	response	matrices.	Calculations	of	distance-	
based	 multivariate	 analyses	 for	 linear	 models	 were	 performed	 in	
DISTLM5	(Anderson,	2004).	Values	of	Ne	were	calculated	as	described	
by	Weckworth	 et	al.	 (2013)	 in	 LDNe,	 using	 a	 linkage	 disequilibrium	
























weakly	 related,	 0.2501–0.5000	moderately	 related,	 0.5001–0.9999	
highly	related	and	1.0	fully	related.	This	approach	accommodates	for	
null	alleles	on	maximum-	likelihood	estimates	of	relatedness	between	
individuals	 of	 unknown	 ancestry,	 allowing	 the	 use	 of	 every	 locus	
available.	 Significance	was	 tested	using	5,000	 randomizations	of	 al-
leles	among	individuals.	Overall,	126	migratory	and	21	sedentary	cari-
bou	were	 identified,	with	the	remaining	60	unclassified	 (noncollared	




and	 sedentary	 individuals	 of	 a	 protected	 species	 to	our	 knowledge,	
and	predictions	even	on	relatively	small	sample	sizes	can	be	useful	in	
guiding	future	research	efforts	(Wisz	et	al.,	2008).
We	 tested	 how	 individual	 covariates	 affect	 genetic	 differentia-
tion	 among	 individuals.	 We	 associated	 each	 sampled	 caribou	 with	
attributes	 that	were	 grouped	 into	 (i)	 spatial	 (longitude	 and	 latitude	
of	 sample	 location),	 (ii)	 topographic	 (vegetation	 and	 elevation),	 (iii)	
environmental	 (snow	 cover)	 and	 (iv)	 local	 population	 characteristic	
variables	 (census	 population	 size,	 designatable	 unit	 (DU)	 and	 local	
population	ID)	(according	to	the	local	population	in	which	they	were	




scribed	 by	 15	 classes	 of	 land	 cover	 type	 and	 normalized	 difference	
vegetation	 index	 (NDVI)	 (DeCesare	et	al.,	2012);	we	reduced	the	di-
mensions	of	 the	data	 to	 two	variables	 through	principal	 component	
analysis	(PCA)	in	SPSS	21.	Vegetation	classes	were	categorized	using	
continuous	 and	 categorical	 mapping	 products	 from	 Landsat	 5	 or	 7	
Thematic	Mapper	(TM)	sensors	as	described	by	McDermid	(2006).
Marginal	tests	were	run	to	assess	the	variation	explained	by	each	
variable	 (longitude,	 latitude,	 snow	 cover,	 elevation,	 census	 popula-
tion	size	of	local	population,	DU,	local	population)	or	sets	of	variables	
(spatial	 coordinates,	 vegetation)	 when	 considered	 alone	 on	 genetic	
distance	and	relatedness	matrices	using	DISTLM5	(Anderson,	2004).	
This	 comparison	 permits	 the	 evaluation	 of	 the	 variables’	 effect	 on	
gene	 flow	 among	 individuals.	 Moreover,	 we	 performed	 conditional	




is	 explained	 by	 geographic	 distance	 alone.	 In	 addition,	 the	 forward	
selection	method	 in	DISTLM	 forward	 (Anderson,	2003)	was	used	 to	
determine	which	sets	of	variables	best	modelled	genetic	variation	and	
relatedness	 among	 all	 caribou,	 after	 examining	 any	 correlation	 be-
tween	variables.	This	approach	fits	each	variable	sequentially	(one	at	
a	time),	whilst	specifying	the	variance	component	described	by	each	
variable;	we	 tested	 parameters	 including	 spatial	 coordinates,	 eleva-
tion,	 snow	 cover,	 vegetation,	 DU,	 census	 population	 size	 and	 local	
population.	All	p	values	were	obtained	after	9,999	permutations.
We	tested	multiple	hypotheses	of	genetic	differentiation,	including	
absence	 of	 spatial	 structure,	 presence	 of	 anthropogenic	 barriers,	 pre-
dation	 risk	 and	 unsuitable	 habitat	 (assessed	with	 RSFs	 that	 excluded	




sedentary)	 were	 estimated	 using	 least-	cost	 path	 (LCPRSF	 and	 LCPPRR,	
respectively)	analyses	on	each	 resistance	surface	using	 the	Landscape	





The	 influence	 of	 spatial	 separation	 (IBD),	 habitat	 suitability	
(LCPRSF),	predation	risk	(LCPPRR)	and	hypothesized	human	barriers	to	
movement	 (IBBRoads,	 IBBCutblocks	 IBBLinear	 Features)	 on	 the	 genetic	 and	
relatedness	distances	among	caribou	was	tested	using	simple	Mantel	
tests	(Smouse,	Long,	&	Sokal,	1986)	in	ZT	1.1	(Bonnet	&	Van	de	Peer,	
2002)	 under	 100,000	 permutations.	 We	 then	 used	 partial	 Mantel	
tests	following	the	original	causal	modelling	framework,	which	has	a	








evaluated	multiple	 topographic,	 environmental	 and	 local	 population	
characteristic	variables,	 isolation	by	distance,	habitat	suitability,	pre-




these	 two	 tests	 would	 define	 the	 supported	 hypothesis;	 the	 latter	
should	have	large	positive	values	compared	to	all	alternative	models.
3  | RESULTS




(0.030 < m <	0.100).	There	were	two	cases	where	gene	flow	was	high	
(0.100 < m);	 these	 were	 from	 TQN	 to	 BRZ	 and	 RPC	 to	 NAR,	 with	
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the	 highest	 value	 occurring	 from	RPC	 to	NAR	 (0.225).	Overall,	 ge-
netic	migration	rates	between	local	population	pairs	were	symmetric,	
with	 few	 cases	of	 strong	 asymmetry;	 there	were	higher	 emigration	
rates	 from	RPC	 to	NAR	and	TQN	to	BRZ	 than	vice	versa	 (Table	1).	
Additionally,	RPC	 showed	 the	highest	net	 emigration	 rate	 (the	 sum	
of	outgoing	minus	 the	 sum	of	 incoming	gene	flow).	 The	maximum-	

















All	but	 three	predictor	 factors	 (local	population	size,	 snow	cover	and	








whilst	 elevation	 and	 vegetation	 had	 minimal	 contributions	 (Table	2).	
These	 results	 remained	 the	same	despite	 the	 removal	of	 snow	cover	










The	 Mantel	 results,	 testing	 associations	 between	 genetic	 and	 all	
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(r =	.25,	p <	.001),	with	values	for	sedentary	individuals	nearly	three	times	







for	 and	 vice	 versa,	 indicating	 that	 both	 Euclidean	 and	 resistance	
distances	 had	 an	 effect	 on	 genetic	 variability	 among	 all	 individuals	
(Appendix	 S4A).	 In	 contrast,	 significant	 correlations	were	 found	 be-
tween	 genetic	 and	 Euclidean	 distances	 after	 the	 removal	 of	 preda-




































Marginal tests Conditional tests Sequential tests
F p % var F p % var F p % var
Nc 15.92 .0001 7.21 2.90 .0963 1.26 – – –
Local	population 0.97 .3314 3.79 −1.59 1.0000 −6.20 – – –
DU 4.46 .0181 2.13 −0.05 .9639 0.00 – – –
Latitude 20.35 .0001 9.03 NA NA NA NA NA NA
Longitude 20.21 .0001 8.98 NA NA NA NA NA NA
Coordinates 12.41 .0001 10.85 NA NA NA 12.45 .0001 10.85
Elevation 4.18 .0256 2.00 2.60 .1122 1.13 3.12 .0978 0.01
Snow	cover 1.80 .3036 0.86 1.68 .1990 0.73 1.01 .4916 0.00
Vegetation 1.15 .4588 1.11 2.02 .1358 1.75 1.01 .1899 0.02
Variables	were	analysed	individually	(marginal),	with	spatial	coordinates	as	covariables	(conditional),	and	with	a	forward	selection	procedure	for	a	combined	






Genetic distance (ar) Relatedness (R)
Mantel’s r p Mantel’s r p
IBD .2399 .00001 −.2279 .00001
LCPRSF .2488 .00001 −.2300 .00001
LCPPRR .1899 .00001 −.2477 .00001
IBBRoads .0990 .00006 −.1516 .00001
IBBCutblocks .0638 .00710 −.1208 .00001
IBBLinearFeatures .0735 .00847 −.1484 .00001
IBD_Sedentary .4516 .00001 −.3636 .00002
LCPRSF_Sedentary .4692 .00001 −.3546 .00001
LCPPRR_Sedentary .4204 .00005 −.4188 .00001
IBD_Migratory .1532 .00001 −.1661 .00001
LCPRSF_Migratory .1649 .00002 −.1674 .00001
LCPPRR_Migratory .1066 .00216 −.1702 .00001
RSF,	resource	selection	function	model;	PRR,	wolf	predation	risk	model.	r 
is	the	correlation	index	of	Mantel	test;	p	shows	probability	values.




Low	 to	 moderate	 connectivity	 among	 neighbouring	 local	 popula-
tions	was	documented,	except	for	the	Little	Smoky	local	population,	
which	remains	 isolated	without	any	apparent	 immigration	 (Table	1).	
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long-	range	 dispersal	 capabilities	 (Hull,	Hull,	 Sacks,	 Smith,	&	 Ernest,	
2008).




between	 genetic	 distances	 and	 sampling	 locality,	 local	 population	
size,	DU	and	elevation	(in	order	of	explaining	most	variance,	Table	2).	
Positive	 and	 significant	 correlations	 between	 genetic	 distances	 and	
spatial	coordinates	could	be	 indicative	of	an	average	 increase	 in	ge-
netic	differentiation	from	south-	west	to	north-	east.	Interestingly,	the	














2009)	 and	 long-	distance	 seasonal	migrations	 (Yannic	et	al.,	 2014)	 in	
North	America.	Such	influence	is	also	reflected	on	population	struc-
ture	 of	 predators	 that	 specialize	 on	 ungulate	 species,	 particularly	
wolves	 (Carmichael	 et	al.,	 2007).	 However,	 after	 controlling	 for	 lo-









ity	 among	 sedentary	 individuals,	 as	 evidenced	by	 a	 threefold	differ-
ence	 in	 structure	 over	 seasonal	migrants	 (i.e.	 IBD_Migratory r =	.1532,	
IBD_Sedentery r =	.4516;	Table	3).	 Conversely,	migrants	were	 less	 con-






more	complex	 from	 those	 that	promote	gene	flow,	 surpassing	even	
those	of	predation	risk.
Our	 results	showed	that	 IBD	alone	was	not	sufficient	 to	explain	
caribou	 gene	 flow	 (Figure	2a).	 Habitat	 suitability	 followed	 by	 pre-


































molecular	 markers	 being	 largely	 insufficient	when	 trying	 to	 resolve	
questions	related	to	historically	recent	landscape	alteration	(Anderson	
et	al.,	 2010).	 Similarly,	 inconclusive	 results	 on	 gene	 flow	were	 also	












individual	within	 a	 local	 population,	 as	 interindividual	 variation	 can	
have	important	consequences	for	dispersal	and	gene	flow	(McDevitt	
et	al.,	 2013).	The	current	 assignment	of	 individuals	 into	populations	
may	be	flawed	as	they	disregard	individual	variation	in	habitat	selec-
tion.	 The	 support	 differences	 and	 inconsistencies	 of	 habitat	 selec-
tion	between	migratory	and	sedentary	caribou	were	depicted	by	the	













connectivity	of	 seasonally	migratory	 individuals	 as	 strong	as	habitat	
suitability	and	geographic	distances	(Figure	2b),	as	each	caribou	could	
be	subjected	to	different	 local	differences	 in	predation	risk	(Bastille-	



















population	 (Hervieux	et	al.,	2013)	 that	 is	at	 risk	of	declining	genetic	
diversity	and	inbreeding.	The	preservation	of	Little	Smoky	caribou,	and	
















resources	 are	 threatened	 by	 the	 rapid	 development	 of	 landscape,	
particularly	 in	North	America	 (Hansen	et	al.,	2002;	Travis,	Theobald,	
&	 Fagre,	 2002).	Moreover,	 climate	 change	 poses	 new	 challenges	 to	
landscape	and	subsequently	to	biodiversity	conservation.	For	caribou,	
habitat	 alterations	will	 have	 serious	 consequences	 on	 connectivity.	
Gene	 flow	 has	 been	 significantly	 associated	with	 habitat	 suitability,	
particularly	 for	migratory	 individuals	 (Figure	2).	 Furthermore,	migra-
tion	is	restricted	to	neighbouring	areas	(Table	1).	Therefore,	potential	











population,	 animals	 can	 have	 contrasting	 migratory	 patterns	 with	
significant	differences	in	connectivity	and	habitat	use.	Effective	con-
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